INTRODUCTION 40
Invasive ascidians have recently become a worldwide issue in coastal waters (Whitlatch & Bullard, 41 2007; Locke & Carman, 2009 ). More than 60 non-indigenous ascidians have been recorded in 42 tropical and temperate environments (Shenkar & Swalla, 2011). Non-indigenous ascidians have a 43 rapid growth rate, short life span, and produce large numbers of short-lived non-feeding planktonic 44 larvae. These characteristics, combined with the lack of significant predators, allow ascidians to be 45 successful invaders (Shenkar & Loya, 2009 ). Ascidians can be strong spatial competitors and, once 46 they become established, often experience population explosions that can develop into dense stands 47 or mats that overgrow and cover available surfaces (Whitlatch & Bullard, 2007) . A recent increase in 48 shellfish aquaculture facilities has provided new surfaces (ropes, nets, cages, and shellfishes) for 49 colonisation by invasive ascidians, resulting in overgrowth and smothering of the shellfish (Lambert, 50 2007) . For instance, heavy fouling by cryptogenic species, Ciona intestinalis (Linnaeus, 1767), was 51 associated with higher mussel mortality and lower overall size in Nova Scotia (Daigle & Herbinger, 52 2009 ). In addition, even if the ascidians have no negative effects on the bivalves directly, removal of 53 the invasive species is costly and requires additional labour by aquaculturists (Carman et al., 2010) . 54
The mussel aquaculture industry has been overwhelmed by extremely large numbers of the invasive 55 ascidian Styela clava Herdman, 1881 in Prince Edward Island (Bourque et al., 2007) , resulting in 56 increased production costs estimated at $4.5 million per annum (Shenkar & Swalla, 2011) . In Japan, 57 some non-indigenous ascidians have been reported, such as Molgula manhattensis (DeKay, 1843) 58
and Polyandrocarpa zorritensis (Van Name, 1931) (Tokioka & Kado, 1972; Nishikawa et al., 1993) . 59 However, no significant effects of invasive ascidians had been noted on the ecosystems or fisheries 60 prior to the appearance of Ascidiella aspersa (Müller, 1776) (The Plankton Society of Japan and The 61 Japanese Association of Benthology, 2009; Kanamori et al., 2012; Nishikawa et al., 2014) . 62
The European sea squirt, A. aspersa, is a solitary marine and estuarine ascidian that is native from 63
Norway to the Mediterranean (Berrill, 1950; de Kluijver & Ingalsuo, 2004; Mackenzie, 2011) . The 64 species has been introduced to North and South America, India, Australia, New Zealand, South 65 Africa, South Korea, and Japan (Brewin, 1946; Kott, 1985 populations and subsequent high amounts of biomass, which redirects energy to decomposers and 69 not to higher trophic communities (Currie et al., 1998) . In addition, colonisation by A. aspersa 70 reduces available substrata on which other species recruit successfully (Osman & Whitlatch, 2000) . 71
These characteristics have the potential to significantly affect species composition, reducing overall 72 biodiversity (Mackenzie, 2011). Ascidiella aspersa also competes directly with other native filter-73 feeders, including economically important species such as scallops, mussels, and oysters (Currie et 74 al., 1998). Therefore, A. aspersa is listed in the Global Invasive Species Database (2010), which is 75 managed by the International Union for Conservation of Nature and Natural Resources, to increase 76 awareness and to facilitate effective prevention and management activities. 77
The Japanese scallop, Mizuhopecten yessoensis (Jay, 1856), is one of the most important seafood 78 species in Japan (Kosaka & Ito, 2006; MAFF, 2015) . Funka Bay, located in southwestern Hokkaido, 79 5 is one of the main commercially productive areas for scallop culture in Japan, where predominantly 80 suspension culture techniques are used (Kosaka & Ito, 2006) . The method for culturing is called 81 'Mimi-zuri' or ear-suspended method: a small hole is drilled at the front-eared beak of the left valve 82 and the scallop is hung on a rope by using artificial strings or plastic clips (Kosaka & Ito, 2006) . 83
In September 2008, A. aspersa was first found densely covering cultured scallops in Funka Bay, 84 severely damaging aquaculture activities by causing the facility to sink and the scallops to fall off, 85 and increasing expenses due to the need to dispose of the invasive species ( collected in 2010 and 2011 as A. aspersa by using morphological and molecular analysis, and 92 concluded that A. aspersa was widespread along three coastlines of Korea. However, the relationship 93 between the Japanese and the Korean populations is unknown. In Japan, A. aspersa has been found 94 in Hokkaido, Aomori, Iwate, and Miyagi Prefectures, and has become one of the most serious 95 problems for bivalve aquaculture in northern Japan (Figure 1 , Kanamori et al., 2014) . Basic 96 information such as reproductive season, growth patterns, maturity size, and population dynamics of 97 A. aspersa in Japanese invasive populations is critical to controlling their impact. 98
In this study, we examined the recruitment, growth, maturity, and population dynamics of A. 99 6 aspersa on cultured scallops in Funka Bay, and sought to relate the life history of A. aspersa with 100 scallop aquaculture, to understand why the invasive ascidian has become a serious problem for the 101 aquaculture industry in the bay. We also compared our results with a past study of native populations 102 by Millar (1952) , which is considered the most detailed account of the reproductive cycles of A. (Ohtani et al., 1971b). There were no obvious differences in salinity between depths, except in 178 August-September 2010, when the thermocline developed intensely. A strong increase in Chl-a, a 10 spring bloom, occurred between February and April every year, and the concentration of Chl-a 180 peaked at 6-8 μg/L ( Figure 4C ). After the spring bloom, the concentration remained low in summer 181 and had an annual variability in autumn. A difference in Chl-a concentration between depths was not 182 noted, and the average concentrations in 5-, 10-, and 15-m depths through the survey period were 183 nearly the same at 1.53, 1.49, and 1.51 μg/L, respectively. 184 185
Seasonal variation in size, weight, and maturity of A. aspersa on scallops 186
In June, few A. aspersa were found on cultured scallops, and the average number per scallop at all 187 depths was 0-0.9 individuals. In July, the average number increased to 0.9-7.8 individuals per 188 scallop, and A. aspersa was observed at all depths except at the 5-m depth in 2013. After July, the 189 number of A. aspersa per scallop increased and reached its peak between August and October. The However, seasonal variation in the size frequency was noted when all depths were combined, as 201 shown in Figure 6 . Juvenile ascidians (body length < 5 mm) dominated during the period of 202 increasing abundance. For the 2010 cohort, many juvenile ascidians were found from August to 203 October, whereas for the 2011, 2012, and 2013 cohorts, juvenile ascidians were found mainly from 204
July to August. Figure 7 shows the seasonal variation in the body length of A. aspersa on cultured 205 scallops at all depths. Ascidiella aspersa grew well until February following each season, when their 206 body length remained unchanged or decreased slightly from February to March or April. 207
The biomass of the scallops increased steadily in each year. The biomass of A. aspersa on scallops 208 increased, with fluctuations, until February, and after that, changes were less clear (Figures 8, 9 ). For 209 the 2010 cohort, the average weight of A. aspersa at all depths exceeded that of the scallops even in 210
November, and was three to seven times heavier in harvest season, from December to April, 211 meaning that the weight of A. aspersa accounted for 75-90% of the total weight of the harvest. For 212 the 2011 cohort, the average weight of the ascidians was less than that of the scallops except in 213 February and March. For the 2012 cohort, the average weight of the ascidians was always less than 214 that of the scallops. The weight of the ascidians in the 2013 cohort was more than that of the scallops 215 in and after November. June 2011 weight data are not represented because only five scallops were 216 collected, without the depth information. 217
Ascidiella aspersa with eggs and sperm in the ducts were found as late as September 2010, 2011, 218 and 2012 ( Figure 10 ). Because there were many juvenile ascidians in September 2010, the ratio of 219 12 ascidians having gametes was low (15%) at that time. On the other hand, in 2011 and 2012, the ratios 220 were high, at 72.2% and 62.3%. Although there were few larvae and juveniles in December and 221
March, many ascidians had eggs or sperm in the ducts. The ratios of individuals having gametes in 222
December 2010, 2011, and 2012 were 52.0%, 81.6%, and 78.0%, respectively, and, in March 2011, 223 2012, and 2013, the ratios were 54.6%, 84.4%, and 87.5%, respectively. In June 2011, 2012, and 224 2013, the ratios were 92.1%, 100%, and 100%, respectively. In September, estimated 50% maturity 225 size as male was 17-20 mm, and as female, 22-24 mm (Figure 11 ). The maturity size as female was 226 approximately 5 mm larger than that as male, and in December and March, there were many A. 227 aspersa with no gametes, even if the body length exceeded the 50% maturity size estimated in 228
September. In the GLM analysis of maturity related to size as male and female in September, all of 229 the estimated coefficients for body length were significant ( 
Life history traits and population dynamics of A. aspersa in Funka Bay 233
In Funka Bay, the larvae of A. aspersa appeared between June and December, and the highest 234 density was observed between July and October. In addition, juvenile ascidians were found on 235 cultured scallops mainly between July and October. Therefore, the reproductive period of A. aspersa 236 is thought to be from June to December, and the main breeding season, from July to October. A study 237 conducted from 1991 to 1997 in Long Island Sound, New England, showed that recruitment of A. In autumn, A. aspersa had eggs or sperm. Ascidiella aspersa are known to be hermaphroditic, 249 although the male sex organs develop first (Millar, 1952) . In Funka Bay, the maturity size as males 250 was estimated to be 17-20 mm, and as females was estimated to be 22-24 mm. Ascidians that 251 reached these sizes in autumn had gametes and were expected to start reproduction. In December 252
and March, there were many immature ascidians whose body length was greater than the maturity 253 size in September. This indicated that factors other than body length influenced the accumulation of 254 gametes. Because larvae and juvenile ascidians were scarcely found in winter and spring, the 255 ascidians having gametes in December and March are thought to be the animals that reach maturity 256 size in autumn and continue to have gametes after the reproductive season. In June, most of the A. 2.6°C, and 11.2°C, respectively. Hence, A. aspersa stopped gamete accumulation when water 262 temperature decreased from 21.3°C to 8.0°C, and started it again when water temperature increased 263 from 2.6°C to 11.2°C. From this, we speculate that A. aspersa have a critical temperature to start or 264 stop the gamete accumulation, estimated to be between 8 and 11°C. 265
The number of A. aspersa on the cultured scallops increased sharply after July and the number of 266 juvenile ascidians increased with increasing water depth. In most cases, larval behaviour is a good In 2010, the increase in ascidians was the greatest from August to September; however, in other 277 years, it was from July to August. In Funka Bay, warm and less saline water is found in the surface 278 layer from spring to summer, and a strong seasonal thermocline is formed (Ohtani et al., 1971a) . The Funka Bay seem to be essentially identical to that summarised by Millar (1952) . However, there are 333 some clear differences. 334
The estimated reproductive period (June-December) and the main breeding season (July-335 October) in Funka Bay is longer than the recruitment season in Ardrossan (July-August). Ascidiella 336 aspersa grow well until February in Funka Bay, and the average water temperature at 5-15-m depth 337 fluctuates between 4 °C and 21°C from July to February. In Ardrossan, A. aspersa grow until late in 338
September. From the information in Saltcoats, a town near Ardrossan, the peak water temperature is 339 18 14°C in August, and the lowest is 7 °C in March (World Sea Temperatures, 2015). This suggests that 340 factors other than water temperature influenced the differences in growth period of A. aspersa 341 between Funka Bay and Ardrossan. In Funka Bay, 60-70% of A. aspersa settled in summer have 342 eggs or sperm in September, and A. aspersa would start to reproduce. From January to May, A. The maturity size of A. aspersa in Funka Bay is approximately 5-8 mm smaller than that in 355
Ardrossan. In Millar's study, the samples were fixed after they were narcotised with menthol; in our 356 study, the samples were directly fixed, which may have led to an underestimation of the body length. 357
The test of A. aspersa is firm, and their siphons are short. Consequently, the difference in body length 358 between individuals narcotised and those not narcotised was small, up to 3.5 mm, when the body 359 19 length was from 10.3 to 44.6 mm (N = 30, examined by MK on 14 September 2015). The 360 differences in method of fixation would not fully account for the disagreement of maturity size 361 between Funka Bay and Ardrossan. Millar (1952) also described that ascidians in Loch Sween, 362
Argyll, western Scotland, became mature at a smaller body size than did those in any of the samples 363 from Ardrossan. Further analysis is required to determine whether maturity size is different between 364 Funka Bay and native ranges. 
